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. FOREWORD

This Final Technical Report covers transparency development activity under )
Contract F33vl5-73-C-3099, "Improved Windshield Protection Development

Program". The work was conducted by PPC INDUSTRIES, Inc., Glass Research

3 Center, Pittsburgh, PA, and Works No. 23, Creighton, PA.
. The research reported herein covered the period from March 1973 through
| April 1974. It was , “tvformed for the Umited States Air Force Flight
Dynamics Laboratory, “ht-Patterson Air Force Base, Ohio. The Air Force
Project Engineer was _ .ain Donald C. Chapin, USAF, AFFDL/FEW. PPG
. INDUSTRIES has assigned NP1132 as a secomdary number to this report.
i, The draft of this report was submitted 21 May 1974.
; Acknowledgment is givea to Mr. Robert ¢. Spindler for compiling the section
T on Material Evaluation and to Mr. Leomsxrd M. Cook for writing the zections
X on Thermal/Pressure Capability.
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SECTION 1
GENERAL INTRODUCTION

This program is one phase of a multi-faceted project oriented toward
developing the technology for improving the bird impact resistance of
aircraft transpavencies. The objective of this particular effort was

to demonstrate the technology in the form of F-1l1 windshields and
canopies capable of resisting, without penetration or catastrophic
failure, the impact of a 4 1b bird up to a speed of Mach 1.2 but not
less than 500 knots indicated aircraft speed. In addition to the impact
resistance, these designs were to interface with the existing aircraft
and deviate as little as possible from the weight, structural reliability
or optical characteristics of current production designs.

The specific windshield and canopy designs to meet the contract require-~
ments evolved in a sequential four-task effort,

1, TASK I
This basic material and design evaluation included a data search,

laboratory materials capability study, preliminary design testing
and edgemember design development.

2, TASK II
P \ In Task II, full-size windshields and canopies were fabricated and
E Y tested in order to establish specific designs to meet the contract
= t requirements.
N
. 3. TASK III
_L. Eighteen prototype windshields and six prototype canoples of approved
;' construction were produced and delivered for Air Force evaluation.
F 4, TASK IV
'ﬁ?»i’ The final activity has included preparation and submission of this
~ report plus drawings and a fabrication specification required to
g document the final configuration.
;%‘*Q§~ Because each of the tasks was a discrete portion of the contract, this
=, “:ﬁ report will be divided into three primary sections presenting the infor-
- .‘ﬁ mation relative to each task. Since Task IV items will be submitted as
% N separate documents, Task IV will not be included in this Final Technical
¥y Report.
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SECTION II
TASK 1
INTRODUCTION

The purpose of Task I was to obtain sufficient supporting data for use
in recommending specific full-size test panel configurations. This
was achieved primarily by testing in the areas critical to performance
of the transparencies; namely, material properties, impact resistance,
edge attachment design and thermal/pressure effects.

A portion of the materials capability study was carried out as part of
PPG's in-house programs prior to award of this contract. Where appli-
cable for drawing conclusions, this data has been included with new
information generated under Task I.

Each of the four areas of study will be discussed as a separate section.
The general conclusions and recommendations which were made for Task Il
have been included in the section on Impact Resistance.
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MATERIAL EVALUATION

To fulfill the stringent performance requirements of this contract, an
interlayer material was required having good elevated temperature sta-
bility, low temperature ductility, and adequate physical properties
through the temperature range of -65°F to 300°F.

Interlayers evaluated under this contract were chosen for their commercial
availability and compatibility in composites containing glass, acrylics,
and polycarbonates.

The interlayers tested under this contract were as follows:

1. 3GH Aircraft Vinyl - Polyvinyl butyral interlayer plasticized
with 21 parts of triethylene glycol di-2-etliyl butyrate.

2. Monsanto Ethylene Terpolymer - Classified as a thermoplastic
adhesive for bonding glass to polycarbonate, and for this report
is classified as Ethylene Terpolymer or ETA. Material Used was
adhesive 138200, Batch Number 148567.

3. PPG 112 Interlayer - This interlayer was developed by PPG
INDUSTRIES, Inc., and is a thermoplastic urethane sheet material
developed for use in glass, acrylic and polycarbonate laminates.

The plasticizers in 3GH Aircraft Vinyl attack polycarbonate, and there-
fore, this interlayer cannot be used directly against polycarbonate.
Although methods are available to provice a barrier against plasticizer
attack, such techniques were not evaluated for this contract due to the
poor elevated temperature and low temperature ductility characteristics
of this interlayer. However, because 3GH Aircraft Vinyl has consider-
able flight history, it was used as a "yardstick" during comparative
physical evaluations of the 112 and Ethylene Terpolymer interlayers.

An experimental interlayer which was also evaluated was TCP Vinyl. This
was a polyvinyl butyral interlayer plasticized with tricresyl phosphate
which does not attack PC.

Interlayer material properties obtained under this contract include the
following:

1. Light Transmittan~e and Haze of 112, Ethylene Terpolymer and
3GH Vinyl.

2. Thermal Conductivity of 112.

3. Thermal Expansion of 112.




4, Specific Heat of 112,

5. Compressive Shear Strength of 112, Monsanto Ethylene
Terpolymer, and 3GH Aircraft Vinyl.

In an effort to fully evaluate and draw specific conclusions on inter-
layer performance, additional material properties not obtained under
this contract are included in this report.

These properties were obtained under a separate PPG-financed Research
Program and are listed below:

1. Hardness

2. Thermal Stability
3. Tensile Strength
4, Elongation

5. Tear Strength

6. Stress-Strain Data
7. Peel Adhesion Data

a. Properties
(1) Transmittance and Haze
Transmittance and haze data obtained on the above three inter-

layers are summarized as follows:

% Transmittance

Loss per .100" % Haze
Interlayer Thickness Gain per .100"
Material (I1luminant "C'") Interlayer Thickness
3GH Aircraft Vinyl 1.5 0.5
Ethylene Terpolymer 6.0 - 6.5 6.0 - 7.0
112 (Task II Samples) 3.28 0.58 )
112 (Task III Samples) 2.1 - 2.4 0.7 - 0.8 E

This data was obtained by fabricating glass~interlayer-glass laminates,
varying the thickness of the interlayer between .030" and .250", keep-
ing the glass thickness at .110". The data depicts the superior trans-
mittance and haze properties of Vinyl compared with 112 and Ethylene
Terpolymer, The Ethylene Terpolymer had a very high transmittance loss
and haze gain compared with 3GH Vinyl and 112; and this would restrict
this interlayer's use to minimal thicknesses in composite designs.




(2) Density

Density Data on these interlayers are as follows:

Material Density (;bs/ft3)
' 3GH Viny1! > 68.1
Ethylene Terpolymer 62.3
112 72.2

. . (3) Thermal Conductivity
Thermal conductivity tests were conducted on 112 interlayer
at 75°F via a Dynatech Model TCHM-F4 Thermal Conductivity
Instrument, The results of thesE tests indicate an average
conductivity of 2.00 BTU - in/ft”/hr/°F. As a comparison,
Mil Handbook=-17 ind}cates that 3GH Vinyl has a conductivity
- of 1.48 BTU - in/£ft"/hr/°F at 75°F.

(4) Thermal Expansion

 ;L ?kl Thermal expansion tests were conducted on 112 interlayer at
R - test temperatures ranging from -65°C to 110°C. The tests
were conducted on a DuPont 900 Thermal Analyzer with the

. following results: af
;& Test Temperature Thermal Expansion
O\ (°C) (in/in/°C) :
e -65 9.8 x 10-5 ) .
b 0 2.0 x 10-4
+85 3.9 x 10~4 E
+110 4.2 x 104 :
ﬁﬂ Similar Data on 3GH Vinyl and Ethylene Terpolymer were not E
o available. P
;i~ - =
‘;3'%‘¥} (5) Specific Heat
‘Ezﬁl: The specific heat of 112 interlayer was determined at test
- temperatures ranging from -45°C to 117°C and is indicated
e as follows:
o S ;
AL
;%.gﬁ' 1Richard S. Hassard, Plastics for Aerospace Vehicles, Part II, Trans- _V
¥ iyl parent Glazing Materials, p. 5-1, Mil Handbook-17A, Part II (Proposed 3
e 1 - Revision), Jan. 1973. 3
R ¥ -
.;; 2Data obtained from Monsanto Research Corporation. g
bY, e .\& ‘;
i &
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: . . Test Temperature Specific Heat 1
1§ ) (°c) (Cal/gm - °C) E
E ' =54 .244 3
i =32 .323 3
3 0 . 364 b
3 +30 .344 k
: +80 .342 3
4 +117 443 4

{6) Index of Refraction

The index of refraction of these interlayers is as follows:

i Material Index of Refraction
]
3GH Vinyl3 1.483 1
Ethylene Terpolymer4 1.480 L
A | 112 1.497

l k (7) Hardness

Durometer measurements were taken on 112, 3GH Vinyl and A
Ethylene Terpolymer from O°F to 140°F. As shown in Figure 1, E
, the hardness (Durometer Shore D) of 112 is less than 3GH
B Vinyl and greater than Ethylene Terpolymer at all tempera-
\ tures. It 1s important to note that above room temperature,
the hardness of Ethylene Terpolymer was very poor and at
140°F, its hardness is almost zero.

i This data indicates that the current Ethylene Terpolymer formu-
N lation was very soft at temperatures of 140°F and above and

o would not be a good interlayer in composites requiring high
interlayer temperatures.

- - (8) Thermal Stability

Thermal stability tests were conducted on 112 laminates at
temperatures of 250°F and 300°F. These 12" x 12" laminates
consisted of .125" thermally tempered glass - .090" 112 -
.125" thermally tempered glass. Three samples of each
composite were continuously exposed to the above temperatures
until the first indication of bubbles was seen. At 250°F,

no bubbles were apparent after 100 hours exposure. At 300°F,
bubbles were initiated between 48 and 52 hours exposure. As
a comparison, Mil-Handbook-17 indicates that 3GH Vinyl will

3Richard S. Hassard, Plastics for Aerospace Vehicles, Part II, Trans-
parent Glazing Materials, p. 5-1, Mil-Handbook-~17A, Part II (Proposed P
Revision), Jan. 1973. E

4Data obtained from Monsanto Research Corporation.
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(9

(10)

(11)

produce bubbles between 3 and 4 hours exposure at 250°F,
This data establishes the better elevated temperature
stability of 112 over 3GH Vinyl,

Tensile Strength

A comparison of tensile strengths of 112, Ethylene Terpolymer
and 3GH Vinyl is shown in Figure 2 and depicts the better
sensile strength of 112 over the temperature range of -65°F
to 200°F. The tensile strength of 3GH Vinyl and Ethylene
Terpolymer dreps off considerably at temperatures above
120°F, while the 112 interlayer has a tensile strength above
500 psi at 200°F. This excellent strength characteristic at
elevated temperatures is beneficial for structural integrity
when a composite utilizing this interlayer is exposed to high
temperature regimes.

Elongation

The maximum elongation at failure of interlayer materials is
an indication of its ability to deform without producing
failure., As shown in Figure 3, the 112 has greater elonga-
tion at failure when compared to 3GH Vinyl and Ethylene
Terpolymer at test temperatures from -65°F to 200°F, Failures
of the 112 interlayer could not be attained at temperatures
above 120°F because the maximum elongation of the testing
apparatus is limited to 550% with an environmental chamber,
This data indicates that better impact performance at low
temperatures (via interlayer deformation) can be attained
with 112 than with the Ethylene Terpolymer or 3GH Vinyl.

Tear Strength

As shown in Figure 4, tear strength tests on 112, 3GH Vinyl
and Ethylene Terpolymer show the better performance of 112
interlayer over Ethylene Terpolymer from -65°F to 180°F. At
temperatures below 40°F, the tear strength of 3GH Vinyl is
greater than 112; however, above 40°F, the tear strength of
112 is considerably better than 3GH Vinyl. Tear strength
depicts the ability of an interlayer to resist cohesive
failure and as shown by the data, the 3GH Vinyl and Ethylene
Terpolymer have very poor tear strength above 40°F, while
112 interlayer has good tear strength up to 180°F,
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$tress-Strain Data

A comparison of the stress-strain curves of 112 and 3GH Vinyl
interlayers at temperatures from -30°F to 70°F is shown in
Figure 5. These tests were conducted with a 1200% elongation
tape extensometer and depict the better ductility of 112 over
3GH Vinyl. Stress-strain data on Ethylene Terpolymer could
not be made due to an insufficient supply of this material.

Individual stress-strain curves of 112 at temperatures vary-
ing from -30°F to 150°F are shown in Figure 6.

Compressive Shear Tests

The compressive shear properties of Monsanto Ethylene Terpoly-
mer (ETA) and 112 were determined when laminated to poly-
carbonate, as-cast acrylic, and chemically tempered glass.

In addition, the compressive shear strength of 3GH Vinyl was
determined when laminated to as-cast acrylic and chemically
tempered glass. Because the plasticizers in 3GH Vinyl attack
polycarbonate, the shear strength of Vinyl to polycarbonate
was not measured.

The tests were conducted in the temperature range of -65°F

to 250°F, and as shown in Figure 7, the test samples had a
.50" offset with a 1 square inch shear area. The thickness
of the interlayer and adhesive used in these tests was .090"
with the acrylic and polycarbonate thickness being .250" and
the glass thickness being .110". The samples were soaked 20
minutes at each temperature prior to testing and were loaded
at a cross-head speed of .20"/minute. The test data obtained
represents an average of five tests per substrate per each
temperature tested.

The shear pi-perties of Ethylene Terpolymer, 112 and 3GH
Vinyl to chemically tempered glass are shown in Figure 8.
Exact shear strength was difficult to attain at ail test
temperatures due to glass breakage caused by poor edges.
However, the data does depict the excellent shear properties
of PPG 112 at temperatures from 75°F to 250°F, while the
shear properties of Ethylene Terpolymer and 3GH Vinyl are
below 175 psi at a test temperature of 150°F. The failure
mode is important in these tests in that a cohesive failure
indicates that the bond to the substrate is greater than the
shear strength of the interlayer or adhesive. Conversely, an
adhesive failure indicates that the bond to the substrate is
weaker than the shear strength of the interlayer or adhesive.
It is interesting to note that the failure mode of the
Ethylene Terpolymer was mostly cohesive and that of 3GH Vinyl
mostly adhesive at all test temperatures.
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The compressive shear strength of 112 and Ethylene Terpoly-

mer to polycarbonate is depicted in Figure 9. As indicated
b by the data, the ETA has poor shear strength at a tempera-
3 ture of 150°F wiile the 112 has a shear strength of 150 psi
e at 250°F, It is worthy to note that at test temperatures
E below 120°F, the Ethylene Terpolymer failed adhesively and
at 120°F and above, cohesive failures were obtained. This
data depicts the poor shear properties of Ethylene Terpoly-
mer at test temperatures above 120°F. The failure mode of
112 to polycarbonate indicates that at test temperatures
above 120°F, the shear strength is higher than the adhesive
strength. At 120°F and below, adhesive and cohesive fail-
ures were obtained, indicating that the adhesion and shear
strength of 112 to polycarbonate were cumparable.

LIRS o S

The adhesion or Ethylene Terpolymer to as-cast acrylic is
, very poor, However, with the addition of N-1 cement, a
K. PFG-developed adhesive for improving the adhesion of inter-
;; layers to acrylic surfaces, the adhesion can be greatly
- improved. Figure 10 indicates the shear properties of 112,
f ETA and 3GH Vinyl to as-cast acrylic. As experienced with
the glass samples, exact shear strength could not be obtained
‘J at all test temperatures due to catastrophic acrylic failure.
= The data indicates the better shear strength of 3GH Vinyl at
» temperatures of 150°F and below. However, the failure mode
[ of 112 to acrylic is completely adhesive at all test tempera-
tures. This data implies that if better 1l2-to-acrylic
\ adhesion could be obtained, higher loads to failure could be
\

realized. The Ethylene Terpolymer shear strength in this
test was once again very poor at test temperatures above
120°F.

(14) Peel Adhesion Tests

s NASA Peel Adhesion TestsS were conducted on Ethylene Ter-
R polymer laminated to polycarbonate and as-cast acrylic

i substrates and 112 laminated to glass, gold radar reflective
‘éﬁ ' coated and uncoated polycarbonate and acrylic substrates.

E - This test is one measure of delamination resistance and
S basically consists of mechanically peeling a 1" wide strip
B~ .| of interlayer from 9" of substrate at an angle of 90°.
i T The test samples wexe prepared by placing wire screen
'“«u,ﬂ (60 x 60 mesh) between two .030" plies of interlayer, then

S g laminating the interlayer to the plastic substrates. The
&, e wire mesh was used to give structural integrity to the inter-
S layer, eliminating premature failures caused by the inter-
e layer tearing or failing in tension.

s ?

I A

5NASA Technical Brief €5-10173, "Peel Resistance of Adhesive Bonds
Accurately Measured".
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¢a) To Polycarbonate

The adhesion of Ethylene Terpolymer and 112 to poly- 4
carbonate at 0°, 75°, and 150°F with and without a 1
. 175 hour weatherometer exposure is depicted in Figure 3
b 11, The weatherometer samples had the polycarbonate b
surface exposed to the weatherometer conditions (120°F,
90-100% R.H. and constant ultraviolet), while the edges
and interlayer surfaces were protected with aluminum
tape. As shown by the data, the 112 interlayer could
not be peeled from the polycarbenate surface with and
without weatherometer exposure and adhesion results
were greater than 160 lbs/in width at all test tempera-
tures. These were the maximum loads attained due to

5 { mesh failure; therefore, the peel strength at these

J temperatures 1is greater than indicated.

4 At temperatures of 75° and 150°F, the Ethylene Terpoly-
b mer could not be peeled from the polycarbonate with and !
‘ without weatherometer exposure, resulting in failure i
, loads greater than 140 1bs/in width at 75° and 20 1lbs/in

. width at 150°F. These were the maximum loads attained

g - due to a failure in the mesh at 75°F, and a temsile

a failure of the Ethylene Terpolymer at 150°F. Therefore,

e in Figure 11, the peel strength at these temperatures

1 is greater than indicated.

The adhesion strength of Ethylene Terpolymer and 112 to i
polycarbonate is considered excellent and gives an indi-

‘ cation of the good delamination resistance of these

- interlayers to this substrate.

7 y

- ) To As-Cast Acrylic (Plex II)

NASA peel tests were also conducted on 112 and Ethylene ;

- Terpolymer laminated to as-cast acrylic. These tests 4

";J : were conducted using the same sample construction and

. testing techrnique as previously mentioned. As shown in A

* ' Figure 12, the adhesion of 112 to as-cast acrylic is £
greater than 150 1bs/in width at 75° and 150°F. At 1

shese test temperatures, the interlayer could not be

o ;t peeled from the acrylic, resulting in mesh failure. At 1
S 0°F, the adhesion of 112 is 60 lbs/in width.
e | ,
g; The adhesion of Ethylene Terpolymer to as-cast acrylic 1
- was initially found to be very poor, resulting in i
dial delamination immediately after the samples were lami- ;
" j nated. However, with the use of N-1 cement applied to A4
1
SPelh !
ko i
0: :




the acrylic, the adhesion was increased substantialiy.
With the use of this adhesive, the interlayer could notc
be peelcd from the acrylic substrate at all three test
temperatures. At O°F and 75°F, the adhesion was greater
than 150 1bs/in width, and at 150°F, the adhesion was
greater than 35 1bs/in width,.

This excellent adhesion strength depicts the good delami-
nation resistance of 112 to as-cast acrylic and Ethylene

Terpolymer to as-~cast acrylic with the application of an

adhesive.

(c) To Chemically Strengthened Glass

The adhesion of 112 to chemically strengthened glass was
established by contractor-conducted testing prior to this
contract and found to be greater than 200 lbs/in width
when tested at 75°F.

(d) To RCS-Gold-Coated Polycarbonate and Acrylic

Adhesion measurements were made on 112 laminated to
«250" polycarbonate and Plex II acrylic substrates
coated with 15 ohms/square radar reflective coating.
These tests were conducted at 75°F with the data indi-
cating a peel strength of 5 1b/in width to polycarbonate
and approximately 1 1b/in width to the Plex II acrylic.
The failure modes were important in these tests in that
the interlayer failed adhesively to the radar coating

on the polycarbonate substrates while the coating €failed
adhesively to the acrylic substrate.

The data indicates that the adhesion of the radar coat-
ing to acrylic is very poor and that the adhesion of the
112 to this coating is also poor. Since the samples
having the coating applied to the polycarbonate did not
fail at the polycarbonate coating interface, adhesion

of the film to this substrate is greater than 5 1lb/in
width.

Due to the relatively poor adhesion of the 112 inter-
layer to the gold film, techniques to control the
initiation of delamination are required in composites
containing 112 and gold coated polycarbonate and these
were incorporated in prototype windshield designs.




b.

Summary

Due to the elastomeric characteristics of interlayer materials, a
range in strength data was obtained. Specific data points repre-
sent the mean of all tests, and at some test temperatures the
maximum and minimum strengths of these interlayers overlapped.

Of the three interlayers evaluated, PPG 112 had the best tensile
strength, elongation, and ductility at test temperatures ranging
from -65°F to +200°F. This interlayer was also capable of with-
standing prolonged exposure at 250°F and approximately 50 hours

at 300°F without producing any bubble formation or other undesir-
able optical characteristics. In addition to these superior
properties, the compatibility, adhesion and shear strength to
polycarbonate, Plex II acrylic, and glass made 112 the best avail-
able candidate to fulfill the stringent impact and temperature
requirements of this program.
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3. EDGE ATTACHMENT i

Edge attachment development in Task I was handled much like the impact

work with a material evaluation phase, followed by design optimizatiom

effort incorporating the most promising components. In Phase I, a test

program was conducted to determine the ability of various edge rein-

| forcement adhesives to withstand structural loads of high performance

1 aircraft windshield. A goal of 870 pounds per lineal inch ultimate

! load was used to rate edging materials. This goal was selected since

5 it i{s the ultimate edge load requirement for the F-11l1, assigned as the
demonstration model for this program. The specimens used in this eval-

[ uation were 4.8 inches wide, thus the total acceptable load for each
specimen was approximately 4200 pounds.

1 Since other Task I work indicated that the structural portion of the

; windshield cross-sections would be polycarbonate, the temperature used E
for the edge attachment tests was critical. For low temperature test- 1
ing, -65°F was used since it was required per performance specification. 4
Concern was with the higher temperature ranges because of the reduction i
in strength and stiffness of polycarbonate at elevated temperatures. i
According to preliminary thermal testing and thermal gradient studies,

i (Section 4, Initial Thermal/Pressure Testing), soak temperatures of

5 200°F and 260°F were finally used for the edge attachment evaluation.

Figures 13 and 14 show the different crosc—sections evaluated, config-

; uration of the edge attachment cross-section, and the geometry of the

R loading details. 1In all cases, the test was conducted on an Instron
. machine using a crosshead speed of .05 inch per minute. All specimens
L. were tested in single shear to represent the windshield mounting using
a retainer and bushings to prevent overclamping of the structural
. members. The basic variable in this evaluation was the adhesive used

to bond the edging reinforcement to the polycarbonate plies. The

following materials available fer this program at the time of the Task

I materials evaluation phase, were considered as possiblie candidates ;
because of their physical properties and compatibility with potential 4
substrates: ;

-

.= Uralane 5739

B PPG 112 Interlayer

: Heat Vulcanizing (HV) Silicone
RTV 630 Silicone

>
»
-
. PP

v P
- ’. .

2
S 4,
3]

£

F
e S8

Table I gives the results obtained at each of the three test tempera-
tures. Due to the nature of the structural material, the load at which
yielding was first observed in addition to the ultimate load is reported.

.4

*
II

o A5

&
. al

s o

The results showed the effect of test temperature on the load carrying
capability of the edgemembers. Bolt hole elongation was the predomi-
nant failure. The RTV 630 and the Uralane 5739 mat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>